Abstract. Humoral immune response against dengue virus (DENV) is an important component in dengue-endemic transmission. We conducted a cross-sectional nested cohort study to determine the seroprevalence and frequency of neutralizing antibodies against DENV serotypes in two endemic localities in the state of Morelos, Mexico. The cohort participants (N = 1,196) were screened to determine previous exposure to DENV. Overall seroprevalence was 76.6% (95% confidence interval [95% CI] = 73.6-79.2), and prevalence of neutralizing antibodies in the 5-to 9-year-old group was 82.5% (95% CI = 67.2-92.7), 45% (95% CI = 29.3-61.5), and 65% (95% CI = 48.3-79.4) for DENV-1, DENV-2, and DENV-3, respectively. For participants older than 10 years, the observed seroprevalence was above 60% for each serotype, except DENV-4 in the 10-to 25-year-old group (42.9%); 81% of humoral responses were multitypic. The outcomes of our study contribute to understanding the immune component of dengue transmission and provide focal information for the evaluation of vaccine candidates under development.
INTRODUCTION
Dengue is a viral disease transmitted by mosquitoes of the Aedes genus, and it is considered a major public health problem. [1] [2] [3] During the last 50 years, the worldwide dengue incidence has increased. 4 Approximately 3 billion people living in tropical and subtropical regions are at risk of infection every year. 1, 5 In Mexico, according to the Ministry of Health, the states with the highest incidence over the past 7 years are Campeche, Quintana Roo, Yucatan, Colima, and Morelos. The incidence rates in the localities of the state of Morelos were above the national average; for example, the localities of Axochiapan and Tepalcingo in 2010 recorded an incidence of 528.0 per 100,000 habitants, whereas the state and national averages were 105.01 and 39.95 per 100,000 habitants, respectively. 6 Considering the lack of treatment and the absence of an effective licensed vaccine, dengue control measures have been focused on reducing the vector density; however, the reduction of the incidence of the disease has not been achieved. Therefore, it is important to consider other factors, such as the immunological human response of short-term cross-protection, that could explain the fluctuating pattern of dengue virus (DENV) transmission. [7] [8] [9] [10] The human immune response to DENV infection depends on whether it is a primary or secondary infection. For a primary infection, the host's immune system generates neutralizing antibodies against the infecting serotype that offer lifelong protection. In addition, there is a short-term (up to 6 months) heterotypic neutralizing immune response against the other serotypes. 11, 12 Immune response to a secondary heterotypic DENV infection is characterized by a rapid increase on immunoglobulin G (IgG) antibodies; these antibodies are mainly cross-reactive and predominantly non-neutralizing, which in turn, increase the risk to develop severe dengue by antibody-dependent enhancement. Nevertheless, recent evidence shows that, in endemic communities, heterotypic secondary immune response is associated with low risk of clinical infection depending on the time that separates the first and the second infections. [13] [14] [15] [16] Few studies of immunity against DENV have been carried out in Mexico. In Veracruz, the reported seroprevalence was 79.6%, similar to the seroprevalence reported in Matamoros. 17, 18 In Tabasco, the prevalence of IgG antibodies against DENV was 9.1%, although this percentage may be underestimated; the type of diagnostic test used was not optimal, because the dengue IgG capture test used to detect recent infections does not reflect the total seroprevalence. 2 However, this study is the only one that reports on the neutralizing antibody titers per serotype, showing the heterogeneity of the immune response of a group exposed to DENV.
Additionally, the seroepidemiological studies can support the decision-making process for selecting the age group to be vaccinated in endemic communities. 19 There are many studies in southeast Asia (SEA) that provide the necessary information to set up a vaccination program. [20] [21] [22] However, there are substantial differences in dengue transmission patterns between SEA and the Americas that can influence the vaccination program. [23] [24] [25] Consequently, the objective of this study was to determine the seroprevalence of DENV per serotype in two endemic localities in the state of Morelos.
MATERIALS AND METHODS
Design and study population. A cross-sectional nested cohort study was performed. 26 The cohort included subjects ages 5 years and older who were residents of the Axochiapan and Tepalcingo localities in the state of Morelos, Mexico. Axochiapan is located at an altitude of 1,030 m and has a population of 17,508, and Tepalcingo is located at an altitude of 1,160 m and has a population of 12,053. 27 The cohort had two groups for the purpose of determining the risk of infection by an index case (IC). The exposed group was composed of subjects who lived with the IC and others *Address correspondence to Jose Ramos-Castañ eda, Instituto Nacional de Salud Publica, Universidad No. 655 Colonia Santa Maria Ahuacatitlan, Cerrada Los Pinos y Caminera C.P. 62100, Cuernavaca, Morelos, Mé xico. E-mail: jramos@insp.mx who agreed to participate and lived inside a 50-m radius around the house of the IC (in practice, people who lived in the next four houses around the house of the IC). No blood sample was taken from the IC, because DENV was already diagnosed by the state of Morelos passive epidemiological surveillance system. The non-exposed (NE) group was composed of subjects who lived in a 100-m radius in the same community as the IC with no reported ICs in the 2 months before enrollment. In practice, after a review of the state epidemiological surveillance database, field personnel went to the area and invited people to participate in the study; when the first subject agreed to participate, her/his house was the center of the sampling area (50-m radius). An NE group was enrolled 1-3 weeks after each expose group. In total, 1,196 subjects were included in the cohort. For the purpose of this study, only the baseline diagnostics and interview were analyzed.
We excluded the subjects for whom we did not have blood samples collected (n = 32) and who stated that they had not lived all their life in the state of Morelos (n = 235). These criteria were selected, because we wanted the collected and analyzed information to reflect immunity acquired within only our tested region. The subjects were classified according to three age groups in accordance to exposure to the reported serotypes that have been circulating in Morelos since 1984. The 5-to 9-year-old group may have been exposed to DENV-1, DENV-2, or DENV-3 serotype; the 10-to 25-year-old group may have been exposed at least in one occasion to four serotypes, whereas the over 25-year-old group may have been exposed on two occasions to three serotypes (DENV-1, DENV-2, and DENV-3) and one occasion to DENV-4. 6 Sample size. Selection was based on 15% expected prevalence for the group of subjects between 5 and 9 years old (the group with the least exposure) and 30% prevalence for the other age groups (groups with higher exposure) with a power of 80% and a confidence level of 95%. The calculated sample size was 133 subjects for each group, but only 122 participants between 5 and 9 years old were enrolled from the cohort study; therefore, we decided to determine the seroprevalence for all cohort subjects who met the inclusion and exclusion criteria to the cross-sectional study (n = 929).
A post-hoc analysis was performed on 137 seropositive DENV subjects to describe the frequency of neutralizing antibodies per DENV serotype; it included all the children ages 5-9 years old (n = 40) and the first 97 enrolled subjects over 9 years of age.
Study variables. The dependent variables were the detection of IgG antibodies against DENV and the detection of neutralizing antibodies against the different DENV serotypes. The main independent variable was the age of the subjects, which served as an indirect measure of exposure to the different serotypes over the course of their lives. Additionally, variables, such as sex, educational level, occupation, and recent infection, were considered.
Laboratory tests. For each participant, serum from the first visit of the cohort (baseline sample) was stored at −70 C for antibody determination. The seroprevalence was determined with an indirect enzyme-linked immunosorbent assay (ELISA) for anti-DENV IgG (E-DEN-01G; Panbio ) following the instructions of the manufacturer (Inverness Medical Innovations Australia Pty Ldt [IMAI], Sinnamon Park, QLD Australia), the ELISA has a specificity of 98% and a sensitivity of 100%. 28 The samples were classified as positive, negative, or indeterminate in accordance with the cutoff point for each kit. Recent infection by dengue was defined as an IgM-or IgGpositive test for DENV using the Dengue IgM Capture ELISA (E-DEN01M; Panbio ) and Dengue IgG Capture ELISA (E-DEN02G; Panbio ). Sera from the seropositive subjects were assayed to determine the specific neutralizing antibody titers per serotype using the plaque reduction neutralization test (PRNT). 29 The PRNT was performed in 24-well Vero microplate cell cultures using a fixed virus inoculum (approximately 1,500 focus forming units [FFUs] ) against varying serum dilutions (1:20-1:1,280). The PRNT titers were scored as reciprocal of the highest dilution of serum that inhibited 60% of foci (PRNT 60 ). Samples scored with PRNT 60 20 were considered negative. The reference strains used were DENV-1 Hawaii, DENV-2 16681, DENV-3 FSP032, and DENV-4 H241.
Statistical analysis. The characteristics of the sample were described according to age group using the Mann-Whitney test for continuous variables and the χ 2 test for categorical variables. Then, the seroprevalence of IgG antibodies was determined according to age group, and a bivariate analysis was performed. Variables with P value 0.2 in the bivariate analysis were tested with a binomial regression model. The final model included all those with an adjusted P value 0.05 or those that modified the prevalence ratios (PRs) of the main independent variable by more than 20%.
The PRNT 60 values were transformed log base 10 to obtain normal distribution. The serotype-specific antibodies frequency and titers among the groups were compared using the χ 2 and Mann-Whitney tests according to the type of variable. Also, the frequencies of homotypic and multitypic reactions were compared. The Stata SE 12 software was used for the statistical analysis.
Ethical considerations. The studies were conducted at the Centro de Investigacion sobre Enfermedades Infecciosas (Research Center for Infectious Diseases), Instituto Nacional de Salud Pú blica (INSP; National Institute of Public Health), Cuernavaca, Morelos, México. Human sera were obtained from the cohort study "Peridomestic infection as a determinant of the transmission of dengue," which was approved by the Ethics Board of the INSP (CI986-L62). Also, the crosssectional study was reviewed by the Ethics Board of the INSP (CI494). Written consent to participate in the cohort study was obtained from each subject. All data were handled anonymously and confidentially.
RESULTS
Demographic characteristics of the population. In total, 929 of 1,196 serum samples from subjects in the cohort were analyzed. The samples were obtained between June and November of 2011 in the localities of Axochiapan and Tepalcingo, Morelos.
According to the Mexican Institute for Statistics and Geographic Information (INEGI), in 2005, the 5-to 9-year-old group accounted for 11.9% of the population in these localities, the 10-to 25-year-old group accounted for 35.3% of the population in these localities, and the over 25-year-old group accounted for 53.1% of the population in these localities. 27 Because the subjects in each age group, resulting from the cohort baseline enrollment, accounted for 12.1% of 5-to 9-year-old group, 33.6% of 10-to 25-year-old group, and 54.4% of the over 25-year-old age group, we considered it as representative of those localities. The main occupation for the first and second groups was student, which is consistent with their ages, whereas the third group, which is in productive age, was employed either in their homes or elsewhere. In total, 85.8% of the subjects stated that they had some type of healthcare coverage, of which 74.7% of the subjects had public healthcare insurance (Seguro Popular) at the time of the survey. For 17.1% (159 of 929) of the subjects, a recent DENV infection before their enlistment was detected (positive capture ELISA IgM or IgG test from the baseline sample) ( Table 1) .
Seroprevalence of IgG antibodies against DENV. The global seroprevalence for DENV was 76.6% (713 of 929; 95% confidence interval [95% CI] = 73.6-79.2), indicating that most of the population had already been exposed to DENV infection. The seroprevalence was higher than 90% for ages 30 years and over, except in the group of 85-89 years old, for which the prevalence was 83.3% (95% CI = 35.8-99.6); this finding may be because of the size of the sample for this group (Figure 1 ). There are reports of circulation of West Nile virus (WNV) and other flaviviruses in wild and domestic animals in Mexico, specifically on the US-Mexico border and in some southern Mexican states. 6 Nevertheless, only a couple of WNV human cases have been reported by the federal sentinel surveillance system. Therefore, although we cannot rule out silent transmission of other flaviviruses in the studied area, we believe that neutralizing antibodies detected in our study are generated only by DENV infection.
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A 72.8% (95% CI = 67.6-77.6) seroprevalence was detected in Tepalcingo, and a 78.4% (95% CI = 74.9-81.6, P = 0.112) seroprevalence was detected in Axochiapan. An increase in seroprevalence with age was observed in both localities.
The demographic characteristics associated with seroprevalence against DENV were analyzed in 928 of 929 subjects; one of the subjects was reported in the IgG ELISA test as indeterminate and thus, was not included in this analysis ( Table 2) .
The final multivariate analysis model for global seroprevalence was adjusted in accordance with the variables age, sex, location, and occupation. The analysis showed that the prevalence ratio of being seropositive in the over 25-year-old age group was 49% higher than in the 5-to 9-year-old age group. We found an association between sex and seropositivity, for which males displayed a higher seroprevalence than females (PR = 1.06, 95% CI = 1.01-1.11). In regard to occupation, the highest probability of being seropositive corresponded to those subjects who spend more time at home compared with the group of students, because according to the baseline interview (question: how long, on average, do you stay at home on working and non-working days?), housewife and others (definition in Table 2 ) spend more time at home during working days (median of 22 and 23 hours, respectively) than students (median of 17 hours, P 0.0001); however, employees spent more time outside the home (15 hours, P 0.0001). A similar behavior was observed with regard to sex, because females older than 10 years of age spent more time at home than males; for the 10-to 25-year-old group, for females, the Overall, these findings strongly suggest that occupation and sex could be associated with exposure to dengue transmission around a clinical case.
Seroprevalence of neutralizing antibodies against specific DENV serotypes per age group. The seroprevalence of neutralizing antibodies for the first age group (n = 40) was 82.5% (95% CI = 67.2-92.7), 45% (95% CI = 29.3-61.5), and 65% (95% CI = 48.3-79.4) for DENV-1, DENV-2, and DENV-3, respectively. It is important to point out that 2.5% (95% CI = 0.06-13.2) of the seroprevalence against DENV-4 was associated with a short-term multitypic neutralizing immune response, because the subjects were individuals recently infected by DENV who may not have been exposed to DENV-4 according to the viral surveillance of the region 6 ( Figure 2) . However, viral surveillance in the studied area by local health authorities, although passive, is particularly robust compared with other areas within Mexico, but we cannot exclude the undetected circulation of any other serotype, which Montoya and others 14 reported previously. In the second age group (n = 27), a seroprevalence higher than 60% was observed, except for DENV-4 (42.9%, 95% CI = 24.5-62.8), whereas for the third age group (n = 70), the seroprevalence was higher than 65% for all four serotypes. Moreover, a statistically significant difference was observed between DENV-2 and DENV-4 seroprevalence for the three age groups; this result was not observed with DENV-1 and DENV-3 ( Figure 2) .
With respect to the neutralizing antibody titers, they reflected the pattern of exposure to the serotypes that have circulated in this region. The 5-to 9-year-old age group may have been exposed to at least one of the three serotypes (DENV-1, DENV-2, and DENV-3), and the second and third age groups may have been exposed in more than one occasion to one of four DENV serotypes (Figure 3 ) according to epidemiological surveillance reports by the local health services.
DENV-3 has circulated over the last decade more often than DENV-4, which was only reported in the region of Morelos in 1996 and 1997. Nonetheless, the neutralizing antibody titers against DENV-3 in the over 25-year-old age group were lower than those against DENV-4 ( Figure 3) . Moreover, DENV-3 neutralizing antibody titers were not significantly different among the three age groups, unlike the neutralizing antibodies from the other serotypes (Figure 3) . For DENV-1 neutralizing antibodies, the titers observed are higher in the group older than 25 years compared with the other groups (Figure 3 ). Because this serotype has circulated more often over the past 5 years, the described antibody pattern suggests a booster effect.
In accordance with the Mexican virological surveillance system, exposure to DENV-2 by the 5-to 9-year-old age group occurred one time (2007) (2008) , and a significant difference between neutralizing antibody titers was observed compared with the other groups (P 0.0001). Another interesting observation is that DENV-3 neutralizing antibodies were observed less frequently compared with those for DENV-4, although DENV-3 had circulated on more occasions than DENV-4 ( Figure 3) .
The relationship between the neutralizing antibody titers and recent infection was studied. 31, 32 The neutralizing antibody titer against DENV-1 was higher in recently infected subjects (Figure 4) . According to the "original antigenic sin" concept, this observation could be the result of a prolonged and sustained circulation of DENV-1 in the studied communities; however, it should be taken in account that, at the time of the study, DENV-1 was the only serotype circulating in these populations. 16 A total of 81.6% (n = 111) of the immune response was multitypic, and its frequency increased with age. This behavior is typical of endemic communities, because age is a reflection of the time that the individuals may have been exposed to the different DENV serotypes in circulation ( Figure 5 ).
DISCUSSION
We found a global seroprevalence of 76.6% in the studied population; this proportion is typical of endemic communities in Mexico and other Latin America countries. 17, 18 However, for the 5-to 9-year-old group, the seroprevalence found in this study is lower compared with SEA countries. 33, 34 This difference can probably be explained by the higher intensity of dengue transmission in SEA compared with that in Latin America-endemic countries. 16 In general, studies have shown an increase in seroprevalence with age as a result of a longer period of exposure to the DENV circulating in endemic regions. 17, 18, [35] [36] [37] [38] In the localities of Axochiapan and Tepalcingo, the magnitude of seroprevalence detected in this study as well as the presence of dengue cases over the last 5 years situate them in the category of endemic areas in Mexico. Although the incidence is higher in Axochiapan than Tepalcingo, the difference in global seroprevalence between the localities was not statistically significant, but in the adjusted analysis by age and other variables, we observed a small difference that was statistically significant (11%, 95% CI = 5-17) and may be explained by differences in population density (Axochiapan = 0.193 habitants/km 2 ; Tepalcingo = 0.072 habitants/km 2 ). 27 In fact, population density is considered one of the decisive factors in the transmission of dengue. 39 An association between seroprevalence and male sex was found with the binomial regression model, suggesting a possible association with human movement. Because males seem to spend more time away from their houses, the possibility of being infected by dengue in the places that they frequently visit increases. 40 It is intriguing that other studies did not find an association with sex; cultural determinants in these communities could explain this finding. 37, [41] [42] [43] In regard to occupation, when adjusting by age, locality, and sex, independent workers, senior citizens without salary, disabled individuals, retirees, and housewives were associated with a higher seroprevalence compared with students. In addition, the relationship between seroprevalence and housewife status has previously been reported in Singapore, and these observations may have two explanations. 36 First, the attendance of students in schools for long periods of time results in less exposure to the vector. Unlike at home, there is an absence of potential mosquito breeding grounds at schools as a result of the Healthy School program, which has been implemented in schools in Mexico. Second, the other explanation is based on the assumption that infected mosquitoes live near homes and that the children are at school during the time that the infected mosquitoes are more active near their homes. For subjects whose stated occupation was employee, given the socioeconomic characteristics of this particular population, we considered the working environment to be very similar to the home environment in regards of exposure to mosquitoes. 36, 44 These observations imply that subjects move between relatively static localities with infected vectors, and therefore, the mobility of the individual is a factor involved in the transmission. This result is suggested by mathematical models that consider humans as both DENV hosts and vectors for the mosquitoes. 45, 46 In regards to the frequency of neutralizing antibodies per serotype, differences were observed among the age groups for DENV-2 and DENV-4 but not DENV-1 and DENV-3. The explanation for the latter may be that the circulation of DENV-1 has been predominant in the area over the past 5 years, and this fact tends to homogenize the frequency between groups. Additionally, in the case of DENV-3, a phylogenetic relationship between serotypes 1 and 3 has been reported, which is reflected in an antigenic relationship in such a way that the frequency of antibodies against DENV-3 is proportional to that of DENV-1.
1,47-49 These observations are in agreement with previous studies, which showed neutralizing activity against DENV-1 and DENV-3. 50 Likewise, other studies that detected neutralizing antibodies in primary and secondary infections observed that, in the presence of an infection caused by serotype 1, the serotypes with the highest antibody titers corresponded to serotypes 1 and 3. 13, 51, 52 The multitypic response was positively associated with age because of the diversity of antibodies generated as a result of ongoing exposure in addition to triggering an increase in the titer against the others as a result of a cross-reaction response. Higher neutralizing antibody titers observed in the study for the four serotypes corresponded to a multitypic response caused by the booster effect (Figure 3) . 13, 53, 54 This study was not able to establish the identity of the serotype of the participant's first infection or the sequence of infection using the neutralizing response, because doing so would require comparing antibody titers between blood samples pre-and post-infection. In accordance with the concept of "original antigenic sin," during a secondary DENV infection, the neutralizing antibody titers from the serotype that caused the first infection will be higher than those resulting from the serotype responsible for the second infection. 16 Thus, it is difficult to identify with certainty the serotype that caused the first infection if there was no viral isolation at that moment. 51 One limitation of this study is that the results are only generalized to subjects older than 5 years of age. Younger children were not included in the sample, because they are less affected; also, there are ethical restrictions of the cohort project.
In addition, the circulation dynamics of the serotypes must influence the immune response at least in terms of magnitude; there is no cocirculation of DENV in the study area, and therefore, in principle, this study would only be applicable to endemic populations where one serotype circulates predominantly. Nevertheless, both the global seroprevalence and the frequency of neutralizing antibody suggest that, in endemic populations, the cocirculation of serotypes does not significantly contribute to the frequency and diversity of the immune response against DENV.
This study is the first to report global seroprevalence according to DENV serotype in an endemic Mexican population with a wide age range. Because the results are similar to other endemic populations in the world, we consider this study to provide valid information for the entire Americas region. This work is important, because results from phase II clinical trials to evaluate the effectiveness of a vaccine have shown that neutralizing immunity against DENV needs to be evaluated to understand the relationship between immunity and protection. 20 Finally, based on this work, it is possible to design studies with the objective of establishing the neutralizing antibody titers required to develop protection against the disease, thereby contributing to the design of effective immunization schemes against dengue.
